In this paper, the effect of nano-Cr 2 O 3 addition on the properties of aluminous cement containing MgAl 2 O 4 spinel was investigated. For this reason, the raw dolomite was used as raw material along with calcined alumina for the preparation of the aluminous cement. Then, the compositions containing different amounts of nano-Cr 2 O 3 particles were fired at 1450 °C and their mineralogical compositions and microstructures were investigated. The setting times of prepared cements were measured after grounding and ball-milling. Besides, the slag resistance of refractory castables containing prepared cements was evaluated. The results showed that nano-Cr 2 O 3 addition has effect on the increasing of spinel and CA 2 and decreasing of CA and C 12 A 7 phases in the cement composition. The decreasing of C 12 A 7 leads to increasing of setting times of cement. Besides, the slag resistance of refractory castables containing prepared cements is improved due to increasing of spinel and decreasing of C 12 A 7 amount in the cement composition.
INTRODUCTION *
MA spinel (MgAl 2 O 4 ) is very attractive as refractory material in thermal industries because of its high melting point (2135 °C), low thermal expansion, and considerable hardness, high resistance to chemical attack, favorable chemical stability, and good thermal spalling [1, 2] . Therefore, there is a trend to increase the use of high alumina refractory castables containing MA spinel, because of their higher durability in steel ladles than Al 2 O 3 castables [3, 4] . However, at the present time, the high cost of the sintered and electrofused spinels represents a handicap to more extended development of this kind of refractory materials. Conventionally, MgAl 2 O 4 spinel powders were prepared by solid-state reaction process using oxide MgO and Al 2 O 3 as starting materials [4 -7] . In the solid-state process, the mixture of MgO and Al 2 O 3 were usually calcined at temperature as high as 1400 °C -1600 °C to ensure the phase formation. Sintering of such powders would be at extremely high temperatures (> 1700 °C). The spinel mineral, whether artificially added or formed in situ during sintering, is hydraulically inert and does not behave as a binder, but it permits the utilization of refractory castables with a suitable aggregate (tabular alumina, spinel or dead burnt magnesite) up to 1800 °C. It has been reported that the firing of appropriate mixtures of raw dolomite (source of CaO and MgO) and active alumina as primary materials can leads to formation of the aluminous cement containing MA spinel. Therefore, MA spinel (20 % -50 %) in addition to the calcium aluminate hydraulic phases (CA and CA 2 ) is formed during the sintering process. On the other hand, the refractoriness of the high alumina cements can be increased substantially, without adversely affecting their compressive strength, when CaO in the cement clinker is partially substituted by MgO. This type of aluminous cement which contains from 6 % to 13 % MgO is known as spinel-type cement and shows increased thermo mechanical strength and minimal slag attack due to the MA spinel content [7 -10] . Therefore, the synthesis of these cements has attracted considerable attention due to practical considerations. Many researches have been conducted to improve the synthetic procedures in order to reduce the production cost of these materials. Generally, the reaction between MgO and Al 2 0 3 begins at about 900 °C, but becomes noticeable only above 1400 °C up to 1600 °C. Effects of different additives on the development of spinel were studied by a number of workers [1, 2, 7 -10] . Salt vapors were reported to be useful additives for the development and formation of spinel. Fluorine ion (from AIF 3 or CaF 2 ) was found to enhance the solid state reaction synthesis of spinel when it is incorporated in the lattice by replacing oxygen ions. Besides, addition of mineralizers such as, V 2 O 5 , Y 2 O 3 , TiO 2 and B 2 O 3 can help to formation of spinel to some extent. However, use of these additives contaminates the product and restricts its application to low temperatures [11 -13] .
On the other hand, the use of nanometer oxides as additions to raw material mixtures or as nanometer starting material for the production of ceramic materials is reported in a wide range of literature since several years [14 -16] . Nanometer materials are very reactive due to their better homogenization, high specific surface area and therefore the sintering starts at lower temperatures. Consequently, objective of the present work is investigation of nanoCr 2 O 3 addition on properties of aluminous cements containing MA spinel. Raw dolomite and calcined alumina are used as raw materials with various amounts of nanoCr 2 O 3 in the preparation of the aluminous cement. Then, the compositions are prepared at 1450 °C using the sintering method. The phase analysis, microstructure and setting times of prepared cements are investigated. Besides, the slag resistance of refractory castables containing prepared cements is evaluated.
EXPERIMENTAL

Raw materials and compositions
Calcined alumina (source of Al 2 O 3 ) and highly pure local raw dolomite were used for the preparation of aluminous cement containing spinel (MgAl 2 O 4 ). The chemical compositions of these starting materials are shown in Table 1 . The calcined alumina used was a product of Fiberona Co. (HTM 10, India). The raw dolomite used in this investigation (derived from Shahreza regions (Iran)) was finely milled mineral dolomite (CaMg(CO 3 ) 2 ) supplied by Arya Kani Sepahan Co. (Iran). The specifications of raw materials used are shown in Table 2 . The nano-Cr 2 O 3 used was a product of NanoAmor Co. which its specifications are shown in Table 3 . Specific surface area of the oxide powders was measured by the single-point BrunauerEmmet-Teller (BET) method using N 2 gas (Model MS-16, Quantachrome Corp, Suoset, NY, USA). In addition, the mean size of particles was analyzed by a laser particle diameter analyzer (Honeywell Microtrac X-100). Considering the Al 2 O 3 -MgO-CaO ternary system phase diagram [7 -10] as well as the chemical composition of dolomite, detailed in Table 1 , mixtures of 55 % Al 2 O 3 and 45 % raw dolomite were prepared in order to obtain cement samples containing the spinel and calcium aluminates phases such as; CA and CA 2 for better recognize of nano-Cr 2 O 3 effect on the phase composition. The nano-Cr 2 O 3 was added to the compositions in proportions of 0.5, 1.0 and 1.5 wt %.
Preparation of cement and test methods
The required proportions of the starting materials of each mix were dry blended together, and then wet finely ground in a fused alumina ball mill. After being milled, the prepared mixes were dried and then, formed into briquettes under pressure of 800 kg/cm 2 , dried at 110 °C and then fired at 1450 °C, with a soaking time of 5 h [7 -10] . The firing was carried out in a electric furnace. The XRD measurements were carried out with a D8ADVANCE, Bruker diffractometer with CuK α , Ni-filtered radiation. The proportion of different phases in the cement compositions was determined by semi-quantitative XRD analysis (X'Pert High Score software). Therefore, the d-spacing values related to identified phases are computed. The fracture surface of fired samples after gold coating was evaluated by field emission scanning electron microscope (FE-SEM, JEOL 4010) equipped with an energy-dispersive spectroscope (EDS). The resulting sintered products were crushed, and then finely ground in a fused alumina ball mill to get a cement powder of a suitable fineness. The Blaine surface area of the produced cements was maintained in the range of (3500 -4000) cm 2 /g. The setting times of prepared cements were evaluated by Vicat needle test method according to ASTM C191.
Preparation and slag corrosion test of refractory castable
The used raw materials and composition for the preparation of high alumina castable is listed in Table 4 . To achieve optimum conditions for castable preparation, some additional factors were also investigated e. g. water/solid ratio and amount of cement in the castable composition. Accordingly, the test method (good-ball in hand ASTM C860) is used for the determination of castable water content and consistency. The obtained results indicated that the water demanded for castable having the required workability was 5 %. The castables for the crucible corrosion tests were cast in metal moulds and were cured at room temperature in airtight containers for 24 h and then dried at 110 °C for another 24 h before firing. All the specimens had the following dimensions: 110 mm × 110 mm × 80 mm with a diameter of 40 mm and holes 55 mm deep. The laboratory crucible tests were performed independently with a fixed amount of slag (60 g, C/S = 2.6) in each crucible. The slag was provided by steel plants Zobe ahan (Isfahan, Iran). The castables were fired for 5 h at 1650 °C in a laboratory electric furnace and later crucibles were cross-sectioned perpendicular to their diameter. By comparing the respective areas (before and after the attack) via optical microscopic evaluations, it was possible to evaluate the damage on each of the designed compositions.
RESULTS AND DISCUSSION
The effect of nano-Cr 2 O 3 addition on the phase composition
The XRD results of prepared cements containing different amounts of nano-Cr 2 O 3 after firing are shown in Fig. 1 . (Fig. 1) are shown in Table 5 . The proportion of the different phases in the cement compositions was determined by quantitative XRD analysis. The results are shown in Fig. 2 as a function of nano-Cr 2 O 3 content used in the cement composition.
The results show that the contents of CA and C 12 A 7 phases in the cement composition are decreased with increasing of nano-Cr 2 O 3 . On the other hand, the contents of other phases such as; CA 2 and spinel are increased with the addition of nano-Cr 2 O 3 . Therefore, it can be concluding that the nano-Cr 2 O 3 addition has great effect on the formed phases in the cement composition. Generally, the mono-calcium aluminate (CA) is the most important component of calcium aluminate cement and has a relatively high melting point (1600 °C). Besides it develops the highest strength among the other phases and then, it has an important role on the improvement of the mechanical strength of refractory cements. Usually, the CA formation takes place at 950 °C. Besides, between 1000 °C and 1100 °C the expansile and exothermic reaction of spinel formation occurs. On the other hand, in the 1000 °C -1200 °C temperature range, CA reacts with alumina to form CA 2 [7 -10] . The researchers [7, 8] were shown that the amount of remaining raw materials is considerably decreased with increasing of firing temperature and the complete solid state reactions in these cements are mostly occurred after firing at 1450 °C. Besides, the three main phases of these cements (CA, spinel and CA 2 ) are formed at 1450 °C. On the other hand, the C 12 A 7 phase (mayenite) has the lower melting point (1415 °C -1495 °C) among the other formed phases in cement composition. With respect to the results, mayenite significantly is decreased with addition of nano-Cr 2 O 3 . Therefore, the service temperature of these refractory cements can shift to higher temperatures with addition of nano-Cr 2 O 3 . Due to similar crystal structure (hexagonal) and ions with similar electric charge, Cr 2 O 3 dissolves in the Al 2 O 3 structure and solid solution forms. Therefore, Cr 3+ ions show preference to substitute for Al 3+ ions at the octahedral sites. Hence, there is the lattice distortion caused by this substitution because of the difference between ionic radii: 0.62 Å and 0.53 Å for Al 3+ and Cr 3+ , respectively. Therefore, this substitution causes lattice expansion in the structure. Besides, no charge compensation is needed, since electrical charges of both ions are equal [13] . However, lattice expansion causes higher diffusion coefficients of cations in the structure. Hence, nano-Cr 2 O 3 can enhance the amount of spinel and CA 2 phase through the increasing of diffusion coefficients. Besides, nano-Cr 2 O 3 can be considered as seeds for formation of spinel and CA 2 phases. With substitution of Al 3+ cation by Cr 3+ in the structure the spinel peaks can shift to smaller angles. For further investigation the displacement of spinel peak concerning to [311] plane was studied. In Fig. 3 the effect of 1.5 wt. % nano-Cr 2 O 3 addition on the displacement of spinel peak concerning to [311] plane are shown after firing at 1450 °C. 
The effect of nano-Cr 2 O 3 addition on the microstructure
The microstructure of cement composition without nano-Cr 2 O 3 addition after firing at 1450 °C is presented in Figs. 4 and 5. As it can be seen, the microstructure of these cements is porous and contains the crystalline phases with different grains size. A portion of pores in the microstructure are produced via thermal decomposition of raw dolomite used in the cement composition. According to XRD results of Fig. 1 , the present phases in cement composition without nano-Cr 2 O 3 addition after firing at 1450 °C contain CA, CA 2 , C 12 A 7 and MA spinel that linked together via sintering process. CA presents a globular morphology while spinel phase is seen as aggregates with some cluster of cubic shape crystals. Micrograph of a fracture of the cement after firing shows globular crystals of CA 2 that give a cohesive microstructure. To distinguish between CA and CA 2 EDS analyses were necessary because both phases present similar contrast. The SEM/EDX analysis of CA and CA 2 phases are presented in Figs. 6 and 7 .
Examination of the fracture surface of the prepared cements by SEM showed that the mayenite possesses the pseudomorphic appearance Figs. 8, 9 and 10 demonstrate the microstructure of cement composition containing 1.5 wt. % nano-Cr 2 O 3 after firing. With microstructural evaluation of cement composition containing 1.5 wt. % nano-Cr 2 O 3 , one can see that higher porosity is produced in the microstructure and then, porous crystalline structure is formed. As shown in XRD results of Fig. 1 , the microstructure of cement composition containing 1.5 wt. % nano-Cr 2 O 3 after firing comprises of CA, CA 2 , spinel. Hence, the mayenite phase was not formed in the composition.
As stated above, mayenite has the lower melting point among the other formed phases in cement composition. Therefore, cement composition without nano-Cr 2 O 3 addition after firing at 1450 °C contains amorphous phase which leads to filling of porosity in the structure. Besides, the microstructural analysis of cement composition containing 1.5 wt. % nano-Cr 2 O 3 shows higher amounts of cubic spinel crystals in comparison with compositions without nano-Cr 2 O 3 . The other obvious characteristic in these Figures is that there are very fine micro-cracks on the surface of particles. As stated above, the substitution of Al 3+ cation by Cr 3+ in the structure takes place and this substitution causes lattice distortion and lattice expansion in the structure. High anisotropic volume expansion of structure can lead to micro-crack formation in the particles.
Besides, this substitution causes further mismatch between the elastic modulus of different phases which, probably leads to formation of micro-cracks. These microcracks can help to better crushing and then finely grounding of produced cement in the ball mill. The SEM/EDX analysis of particles containing micro-cracks on their surface is presented in Fig. 11 . This analysis proves the existence of Cr 3+ in cement particles. The relation between the different amounts of nanoCr 2 O 3 and the setting times of prepared cement pasts are shown in Fig. 12 .
The results show that the setting times of prepared cement pastes are increased with addition of nano-Cr 2 O 3 . Generally, setting times of hydraulic cement depend on the phase composition, fineness of the cement and additives. C 12 A 7 phase has rapid initial and final setting times. Besides, CA 2 is a secondary phase in calcium aluminate cement and is more refractory than CA but takes a long time to set due to its low hydraulic activity. Hence, setting times are affected by the ration of CA/CA 2 and also CA/C 12 A 7 [4, 7 -10] . According to XRD results (Fig. 2) , the cement without nano-Cr 2 O 3 has noticebaly content of C 12 A 7 phase in its composition. Hence, because of rapid initial and final setting times of C 12 A 7 phase, the cement past without nano-Cr 2 O 3 has rapid initial and final setting times in comparision with cement pastes containing nanoCr 2 O 3 . On the other hand, the contents of CA and C 12 A 7 phases in the cement composition are decreased with increasing of nano-Cr 2 O 3 . Therefore, the setting times of prepared cement pastes are delayed with addition of nanoCr 2 O 3 . 
Evaluation of slag resistance
In Fig. 13 , the effects of the attack by the slag on the castables prepared by cement containing 1.5 wt. % nanoCr 2 O 3 and without it are shown. As it can be seen, the corrosion and penetration by the molten slag decrease with addition of nano-Cr 2 O 3 . As stated above, the mayenite phase has the lower melting point among the other formed phases in cement composition. With respect to the XRD results (Fig. 1) , the amount of mayenite significantly is decreased with addition of nano-Cr 2 O 3 . Therefore, the service temperature of these refractory castables containing this type of cement can shift to higher temperatures with addition of nanoCr 2 O 3 . On the other hands, the refractory cement containing 1.5 wt. % nano-Cr 2 O 3 has higher spinel phase in its composition. Normally, Mn 2+ , Fe 2+ and Fe 3+ cations in the slag melt are absorbed by spinel to form a solid solution. Hence, the residual molten liquid becomes rich in SiO 2 and increases its viscosity and then, penetration suppresses [1 -4, 17] . Therefore, the refractory castable containing cement with 1.5 wt. % nano-Cr 2 O 3 has higher slag penetration resistance in comparison with cement containing without nano-Cr 2 O 3 .
CONCLUSIONS
The effect of nano-Cr 2 O 3 addition up to 1.5 wt. % on the properties of aluminous cements containing MA spinel is investigated. The results showed that nano-Cr 2 O 3 addition has high effect on the phase composition, microstructure and then, properties of these cements. Hence, the amounts of spinel and CA 2 phases in the cement composition are increased with addition of nanoCr 2 O 3 . On the other hand, the CA and C 12 A 7 amounts are decreased with increasing of nano-Cr 2 O 3 . On the other hand, the results revealed that C 12 A 7 phase is disappeared in cement composition containing 1.5 wt. % nano-Cr 2 O 3 . C 12 A 7 phase has low melting point and rapid initial and final setting times. Therefore, the setting times of cement pastes are increased with addition of nano-Cr 2 O 3 . Besides, the service temperature of these cements can shift to higher temperatures with addition of nano-Cr 2 O 3 . Hence, the slag corrosion resistance of refractory castables containing these cements is improved due to formation of higher spinel phase and disappearance of C 12 A 7 phase in the cement composition.
